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Abstract 
Protonated carboxylic acids, (RCOOH)H+, are the initial intermediates in acid-catalyzed 
(Fischer) esterification reactions. However the identity of the isomeric form is under debate. 
Surprisingly, no optical spectra have been reported for any isomer of the protonated carboxylic 
acid monomer, despite it being a fundamental organic cation. Here, we address these issues by 
using a new approach to prepare cold He-tagged cations of protonated acetic acid (AA), which 
entails electron ionization of helium nanodroplets containing metastable dimers of AA. The 
protonated species is subsequently probed using infrared photodissociation spectroscopy and, 
following a comparison with calculations, we identify the two isomers whose roles are debated 
in Fischer esterification. These are the carbonyl-protonated E,Z isomer and the metastable 
hydroxyl-protonated isomer. Our technique provides a novel approach that can be applied to 
other elusive ionic species. 
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The mechanism of the acid-catalyzed (Fischer) esterification of carboxylic acids was first 
explored in detail in the 1930s.1,2 This early mechanistic work suggested that initial protonation 
occurs at the hydroxyl oxygen atom. In the case of an acetic acid monomer (AA), this leads to 
formation of the structure labelled as prot-OH in Figure 1. However, NMR studies of the 
protonation of simple carboxylic acids carried out in the 1960s indicated that protonation occurs 
exclusively at the carbonyl oxygen.3,4 The NMR work was performed under aggressive 
conditions with essentially 1:1 concentrations of magic acid (FSO3H-SbF5) and carboxylic acid. 
At -60 °C a double peak structure was observed, indicating that a single isomer, the E,Z isomer, 
is formed (Figure 1). It is now a standard assumption in modern organic chemistry textbooks that 
protonation occurs at the carbonyl oxygen in Fischer esterification.5 
 
 
 
Figure 1. Illustration of the molecular structure of neutral acetic acid (AA) and isomers of the 
protonated species. 
 
However, a recent study combining DFT calculations with electrospray ionization mass 
spectrometry reached a different conclusion.6 This work suggests that carbonyl protonation 
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produces an intermediate which is too stable to react with an alcohol to yield an ester. Instead, 
they found that only hydroxyl protonation can lead to subsequent reaction and this occurs 
because of the production of the reactive acylium ion (cf. prot-OH structure in Figure 1). This 
proposal agrees with the original mechanistic predictions from the 1930s,1,2 creating new 
uncertainty about the reaction mechanism. 
 The protonated monomer of AA has previously been studied using ab initio calculations 
and mass spectrometry.7-12 However, despite being a rather fundamental organic cation, no 
optical spectra have been reported for it or for the monomer of other simple protonated 
carboxylic acids, (RCOOH)H+. Inokuchi and Nishi have measured infrared (IR) 
photodissociation spectra in the OH stretching region for protonated formic acid cluster ions, 
(HCOOH)nH+, and their AA analogues, for n ³ 2.13 However, this technique could not access the 
protonated monomers because the IR photon has insufficient energy to induce fragmentation. In 
a separate study, Hu et al. reported IR photodissociation spectra of protonated AA cluster ions.14 
However, instead of seeing a reduction in ion signal at the mass of the protonated monomer, m/z 
61, an enhancement was observed that was attributed to IR absorption by a larger ion, 
(CH3COOH)COOH+, which subsequently fragmented to give (CH3COOH)H+ and CO2. A 
similar problem was encountered in the case of protonated propanoic acid.15 
  We introduce an experimental technique for measuring IR spectra of He-tagged cations, 
which utilizes electron ionization of neutral clusters embedded in helium nanodroplets. Mass 
spectrometry has been used extensively to study electron and multiphoton ionization of doped 
droplets,16 but there have been few IR spectroscopic studies of the ions produced in such 
processes.17 In Figure 2b and c, we present IR depletion spectra for He-tagged protonated AA, 
HeN-(CH3COOH)H+, where N = 1 (m/z 65) and 3 (m/z 73). A spectrum for the untagged ion (N = 
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0 at m/z 61) is shown in the Supporting Information (Figure S1) rather than here because it 
contains broad spectral features due to hot bands, as well as congestion arising from competing 
photofragmentation pathways. In contrast, spectra for the He-tagged species show relatively 
narrow and well resolved features. 
 
 
 
Figure 2. Infrared depletion spectra recorded by monitoring mass channels with m/z 57, 
65 and 73. Those IR bands observed in panels (b) and (c) which are not seen in the lower mass 
channel in panel (a) are assigned to OH stretching modes in He-tagged protonated acetic acid. 
 
Also shown in Figure 2 is an IR spectrum recorded at m/z 57. Because this corresponds to 
a mass of one helium atom below that of an isolated protonated AA monomer, the observed 
depletion in ion signal cannot be attributed to IR absorption by protonated AA. However it is 
possible that spectral features from a smaller ion could appear in mass channels 65 and 73 
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through the addition of more helium atoms. The spectrum at m/z 57 therefore acts as a 
background spectrum and the two weak features at ~3430 and ~3505 cm-1 are assigned to He3-
HOCO+.18 Consequently, peaks observed at ~3430 cm-1 in the m/z 65 and 73 spectra are assigned 
to He5-HOCO+ and He7-HOCO+, respectively. 
We now turn our attention to the new features observed at m/z 65 and 73, which are not 
present at m/z 57, and are therefore assignable to IR absorption by He-tagged protonated AA. 
Most notable are the two strongest peaks at ~3480 and ~3550 cm-1. The shape of the lower 
frequency band clearly changes with the number of attached helium atoms (from N = 1 to 3) and 
this is attributed to frequency shifts caused by helium solvation effects. Band shifts induced by 
helium solvation have also been reported for a different cation, C60+, although that study used 
electronic rather than vibrational spectroscopy.19 However, the N-dependent behavior is a 
separate topic and will be the subject of future work. From here onwards, we choose to focus on 
identifying the structural isomers of protonated AA that are formed. 
To assist with the spectral assignments, we have performed ab initio calculations at the 
MP2/aug-cc-pVTZ level of theory for the four isomers of protonated AA illustrated in Figure 1. 
For each isomer considered, the ZPE-corrected relative energy, as well as the harmonic 
vibrational frequencies and intensities, were calculated. We summarize the key findings in Table 
1 and present further results in Figure S2 and Table S1. To account for anharmonicity, the 
calculated OH stretching frequencies have been scaled by an empirical factor of 0.955, derived 
from a comparison of the computed OH stretching vibrational frequency for the AA neutral 
monomer and the known experimental gas phase value of 3583 cm-1.20 
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Table 1. Selected results from quantum chemical calculations (MP2/aug-cc-pVTZ) for four 
isomers of protonated acetic acid. 
 
Isomer Energya / kJ mol-1 OH stretchesb / cm-1 
E,Z 0.0 3470 (289) 3539 (252) 
E,E 11.8 3548 (528) 3558   (13) 
Z,Z 17.0 3508   (73) 3524 (374) 
prot-OH 28.0 3611   (66) 3710 (138) 
a Relative energies including a ZPE correction, plus BSSE for prot-OH. 
b Scaled (´ 0.955) harmonic vibrational frequencies with IR intensities 
  given in parentheses in units of km mol-1. 
 
 
Before comparing our calculated spectra for the untagged isomers of protonated AA (N = 
0) with the experimental spectrum measured at m/z 65 (N = 1), we consider whether the helium 
atom causes a significant shift in the OH stretching frequency. For this purpose, we performed 
calculations for each isomer with an attached helium atom in various locations relative to the ion, 
which led to the identification of 18 stable structures (Figures S3 and S4, Table S2). The addition 
of a single helium atom is found to shift the OH stretching frequencies by < 2 cm-1 in all but one 
case: the exception was a He-tagged Z,Z structure, where a shift of 5 cm-1 was calculated. These 
small shifts allow us to simply compare the four predicted spectra for the bare ions with the He-
tagged spectrum recorded here. 
In Figure 3, the calculated IR spectra for the untagged isomers are plotted below the 
spectrum measured at m/z 65 for He-(CH3COOH)H+. Initially, we focus on the assignment of the 
two strong IR bands centered at 3482 and 3550 cm-1 in the experiments. Comparison with the 
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computed spectra indicates that the E,E, E,Z and Z,Z conformers have calculated IR fundamental 
bands in this region. However, conformers E,E and Z,Z each have one strong and one weak 
absorption band whereas E,Z has two bands of approximately equal intensity. The pair of 
experimental IR features also have similar intensities and therefore an assignment to conformer 
E,Z is considered first. We find good agreement, to within 12 cm-1, in the experimental and 
calculated vibrational frequencies for both bands and, in addition, the calculated separation 
between the two bands (69 cm-1) is almost identical to the experimental separation (68 cm-1), 
which provides strong support for an assignment to the E,Z isomer. 
 
  
 
Figure 3. (a) Experimental infrared depletion spectrum recorded by detecting ions at m/z 65, 
compared with (b) calculated spectra for four isomers of protonated acetic acid (MP2/aug-cc-
pVTZ). The calculated vibrational frequencies have been scaled by a factor of 0.955 to account 
for anharmonicity. Calculated structures are shown for (c) the lowest energy isomer (E,Z) and (d) 
the metastable isomer prot-OH. The distances shown are in Å. 
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Next we consider whether the Z,Z and E,E conformers could be responsible for any of the 
experimental features in Figure 3a. The weak band at 3533 cm-1 could potentially be assigned to 
the Z,Z conformer, or alternatively to a combination band of the E,Z conformer that gains 
intensity via coupling to the strong E,Z band at 3550 cm-1. Furthermore, the E,E conformer could 
provide a minor contribution to the intensity of the 3550 cm-1 band, but again the evidence is 
circumstantial. In summary, the formation of isomers E,E and Z,Z can’t be ruled out, but if they 
are present then the populations are likely to be small and therefore we will not discuss them 
further. 
We now turn to the two weak, higher frequency bands centered at 3629 and 3698 cm-1 
(Figure 3a). These features are absent from the spectrum at m/z 57 (Figure 2a) and are therefore 
assigned to He-tagged protonated AA. However, we can immediately exclude the OH stretching 
fundamentals for isomers E,E, E,Z and Z,Z because the calculated frequencies are at least 70 cm-1 
to the red of both experimental bands (Figure 3). We have also considered assignments to 
overtone and combination bands for the E,Z conformer, both for the bare and He-tagged ions. 
For this purpose, anharmonic vibrational frequency calculations were performed. The calculated 
IR intensities for all overtone and combination bands between 3300 and 4000 cm-1 were found to 
be < 5 km mol-1, which is very weak compared with the OH stretching fundamental transitions of 
the E,Z conformer (> 250 km mol-1). Further reasons for discounting these bands are provided in 
the Supporting Information. 
A more viable assignment is to the OH stretching fundamentals of isomer prot-OH, for 
which the calculated and experimental band frequencies agree to within 18 cm-1 and this close 
agreement is illustrated in Figure 3. Furthermore, the calculated band intensities of >65 km mol-1 
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(Table 1) are at least an order of magnitude higher than those predicted for overtone and 
combination bands in this spectral region, which also supports this assignment. The calculated 
structure for isomer prot-OH (Figure 3d) indicates that hydroxyl protonation results in a 
substantial lengthening of one of the C-O bond lengths to 2.437 Å, such that we are left 
essentially with the acylium ion, CH3CO+, forming a weakly bound complex with H2O. Indeed, 
the experimental bands centered at 3629 and 3698 cm-1 lie fairly close to the known OH 
stretching frequencies for a gas-phase water monomer but are red-shifted, as expected when 
complexation occurs. 
Another facet of these experiments is that they enable the measurement of spectra not 
only for the He-tagged cation, but also the neutral precursor. Knowledge of the precursor 
structure can then be used to predict which cation structures are likely to form following electron 
ionization. Our technique has the further benefit of rapid cooling by the surrounding helium, 
enabling access to metastable structures. For example, for AA we have previously shown that 
two metastable dimers of neutral AA are formed inside helium nanodroplets rather than the 
lowest energy cyclic dimer.21 The two dimers are structurally similar but have distinct hydrogen 
bonding motifs, a feature that can be exploited to generate different protonated AA conformers. 
The calculated dimer structures are shown in Figures 4a and b, whilst the superimposed blue 
boxes indicate potential structures for protonated AA that would require minimal structural 
rearrangement. Remarkably, the identified structures match those assigned in the current study. 
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Figure 4. (a) and (b) show the calculated structure of the metastable dimers of neutral acetic acid 
known to form inside helium nanodroplets.21 The blue boxes show entities which closely 
resemble the protonated acetic acid isomers, E,Z and prot-OH, observed in the current study. 
Panels (c) and (d) show optimized dimer cation structures following removal of an electron from 
the neutral dimer structures in (a) and (b), respectively. 
 
Figures 4c and d show cation dimer structures that result from geometry optimization of 
the neutral precursors after removal of an electron, where the latter mimics the experimental 
ionization process. The blue box in Figure 4c indicates that energy relaxation leads to formation 
of the E,Z isomer via a simple proton transfer reaction across a hydrogen bond. A comparison of 
the structures in 4b and 4d reveals a 26% reduction in the calculated distance between donor H-
atom and acceptor O-atom, which is progress towards formation of the prot-OH conformer. 
Therefore, these calculations provide an insight into likely mechanisms for generating the 
observed protonated AA structures using electron ionization of metastable AA dimers (Figures 
4a and b). Furthermore, the proven capability to create protonated species suggests that this 
technique has potential applications of biological, as well as chemical, importance. 
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Given our assignments, the ability to prepare the E,Z and prot-OH isomers from 
metastable AA dimers opens the possibility to investigate their potential roles as intermediates in 
Fischer esterification.6 If these isomers were prepared inside helium nanodroplets, just one 
molecule per droplet, then subsequent pickup and reaction with an alcohol could allow the first 
stage of the esterification reaction to be studied. Energy to initiate the reaction would be 
provided by photoabsorption and any subsequent depletion of reactants would be monitored 
using IR spectroscopy, thus allowing the relative reactivity of the two isomers to be determined. 
In this way, the helium nanodroplets would act as nanocryostats allowing the isolation and 
investigation of specific reaction pathways. 
In conclusion, we have developed a technique for measuring IR spectra of previously 
inaccessible cations. To demonstrate its use, we have measured the first IR spectra of the 
protonated AA monomer, a fundamental organic ion. Comparison with ab initio calculations 
yields good agreement between theory and experiment. The main experimental features derive 
from carbonyl protonation and can be attributed to the E,Z conformer. This is the ionic structure 
previously reported in NMR experiments3,4 and identified in numerous organic chemistry 
textbooks as the initial intermediate in Fischer esterification. In addition, we have assigned two 
weak bands to the hydroxyl protonated isomer, a complex of CH3CO+ and H2O. The possibility 
exists that this structure, rather than the carbonyl protonated conformer, is the key initial 
intermediate in Fischer esterification. 
 
Experimental Methods 
Protonated AA was created by electron ionization of liquid helium nanodroplets doped with 
neutral clusters of AA, a process which generates cations that may be tagged with one or more 
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helium atoms. The tagged ions, which are intrinsically cold because weakly bound helium atoms 
will readily detach from hot ions, were probed by the beam from a tunable IR laser. Spectra were 
recorded as a function of IR wavelength by monitoring any reduction in ion signal induced by 
resonant photoabsorption. These measurements were made mass-selectively using a quadrupole 
mass spectrometer and our technique is a variant of IR photodissociation spectroscopy. The 
instrument has been described previously21-24 but this is the first time it has been used to measure 
IR spectra for He-tagged ions rather than neutral molecules or clusters inside helium 
nanodroplets. Further details can be found in the Supporting Information. 
 
Supporting Information 
Experimental details; IR spectra showing fragmentation pathways; computational method; 
calculated structures, energies and frequencies for bare and He-tagged protonated acetic acid 
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